ABSTRACT The kinetics of 125I-labeled thyrotropin (125sI TSH) binding to human thyroid receptors are presented. At pH 6.0, binding was maximal (30-35%) and there was one class of binding sites [Kd = 6.8 X 10-9 M; binding capacity (Bo) = 57 pmol/mg of protein]. At pH 7.4, Scatchard plots of binding were nonlinear, indicating either a single class of negatively cooperative sites (Kd = 3.7 X 10-9 M; Bo = 26 pmol/mg of protein) or, alternatively, independent high-(Kd = 5.0 X 10-'0 M; Ro = 3 pmol/mg of protein) and low-affinity (Kd = 1.7 X 10-8 M; Ro = 26 pmol/mg of protein) binding sites. The role of negative cooperativity was evaluated from the rates of association and dissociation at pH 7.4. The kinetically determined binding constants (Kd = 1.7 X 10-11 M; Ro = 2 pmol/mg of protein) were more similar to those determined for the high-affinity component than to those predicted from the negative cooperativity model. (15) and Amir et al. (2). Briefly, the tissue was pulverized while still frozen and added (10%, wt/vol) to homogenizing medium (1 mM bicarbonate, pH 7.4 at 40C). A homogenate was prepared by using a glass/glass homogenizer, passed through four layers of cheesecloth, and centrifuged at 400 X g (15 min at 4'C). The pellet was suspended and recentrifuged at 400 X g and the supernatants from the two centrifugations were combined. The supernatant was centrifuged at 10,000 X g for 30 min at 4VC.
or, alternatively, independent high-(Kd = 5.0 X 10-'0 M; Ro = 3 pmol/mg of protein) and low-affinity (Kd = 1.7 X 10-8 M; Ro = 26 pmol/mg of protein) binding sites. The role of negative cooperativity was evaluated from the rates of association and dissociation at pH 7.4 . The kinetically determined binding constants (Kd = 1.7 X 10-11 M; Ro = 2 pmol/mg of protein) were more similar to those determined for the high-affinity component than to those predicted from the negative cooperativity model. Dissociation of bound TSH was independent of initial site occupancy over a 40-fold range, corresponding to a 100-fold range of free TSH concentration. The dissociation rate of 1251-TSH was enhanced by unlabeled TSH to a similar degree, irrespective of initial binding site occupancy. Because the negative cooperativity model does not accommodate these data, it is concluded that TSH receptors in human thyroid behave kinetically and at equilibrium as a single class of high-affinity sites up to TSH concentrations well above the physiological range. It is accepted that thyrotropin (TSH) expresses its principal function upon interaction with specific, adenylate cyclaselinked, recognition sites (receptors) on thyroid target cells (1) (2) (3) . Several studies (2) (3) (4) (5) (6) (7) (8) have demonstrated that radioactively iodinated TSH binds in vitro to specific receptors in various particulate tissue fractions or cells from both animal and human thyroid. Evidence from these studies suggests that this interaction is a complex process and not a simple bimolecular association of the hormone with one class of binding sites. This nonclassical behavior of polypeptide hormone interaction with cell surface receptors is usually characterized by nonlinear Scatchard plots derived from saturation binding data. The nonlinear Scatchard plot was initially ascribed to the presence of multiple classes of binding sites, one of high and the other of low affinity (8) (9) (10) . However, DeMeyts et al. (11) , who first demonstrated an increased dissociation rate of bound hormone after the addition of unlabeled hormone to the dissociation medium, proposed that the nonclassical binding results from negatively cooperative site-site interaction among one homogeneous class of receptors (12) .
It has been suggested (12) that negative cooperativity is a widespread phenomenon that plays a major regulatory feedback role in hormone action. In order to evaluate the role of negative cooperativity in TSH-receptor interaction in normal human thyroid, we have initiated detailed kinetic studies of TSH binding. In this report we show that the kinetically determined equilibrium dissociation constant (Kd) and binding capacity (Ro) (15) and Amir et al. (2) . Briefly, the tissue was pulverized while still frozen and added (10%, wt/vol) to homogenizing medium (1 mM bicarbonate, pH 7.4 at 40C). A homogenate was prepared by using a glass/glass homogenizer, passed through four layers of cheesecloth, and centrifuged at 400 X g (15 min at 4'C). The pellet was suspended and recentrifuged at 400 X g and the supernatants from the two centrifugations were combined. The supernatant was centrifuged at 10,000 X g for 30 min at 4VC. The sedimented, partially purified plasma membranes (PPM) thus obtained were washed once by suspension and recentrifugation, resuspended in 20 mM Tris acetate/1.0 mM EDTA, pH 7.4, at 4VC and stored at -90'C. All operations were performed at 0-40C. Protein was determined by the method of Lowry et al. (16) .
Equilibrium Binding Assay. Equilibrium binding was determined by incubation (220C for 1 hr) of normal human thyroid PPM (10-50 ,gg of protein per ml) in a final volume of 1.0 ml of buffer A (40 mM Tris acetate/0.25% bovine serum albumin, pH 7.4 or 6.0) in polypropylene tubes, either with increasing concentrations of 1251-TSH or with a fixed quantity of 125I-TSH (to-50 fmol) and increasing concentrations of unlabeled TSH (NIH B8). Nonspecific binding was assessed by inclusion of unlabeled TSH at 0.2 IU/ml. Bound hormone was separated from free hormone by filtration over cellulose acetate filters (Millipore EHWPO2500), followed by washing with buffer A (three times with 3 ml). Filters were assayed for radioactivity and specific binding was calculated from total binding by subtracting nonspecific binding (generally <5%) and filter adsorption (1-2% of total radioactivity). Adhesion of hormone to incubation vessels and filters was minimized by presoaking them in buffer A containing additional albumin (2.5%, wt/vol) for several hours before use.
Kinetics of Approach to Equilibrium. Normal human thyroid PPM was added to six concentrations (0.026-0.273 nM) of 125I-TSH and allowed to equilibrate at 40C. Duplicate incubation mixtures were filtered at intervals, as described above. Binding at equilibrium was kept under 10%, so that the concentration of free 125I-TSH would not change appreciably during the reaction. Dissociation Kinetics. The dissociation studies, with modification, follow those described (11, 12) . In addition, to examine the dissociation rate at different binding site occupancies, as described (12, 17) , normal thyroid PPM was preequilibrated (220C, 1 hr) with TSH concentrations over a 100-fold range (3.28-315.0 nM). This range was obtained by addition of unlabeled TSH to a fixed concentration of 125I-TSH (3.28 nM). After incubation, the bound radioactivity was sedimented in a Microfuge (5 min at 12,000 X g; Eppendorf model 5412). This was followed by a wall wash, and the pellet was suspended in an equal volume of cold (40 C) buffer A by passage through a narrow-bore syringe needle. The resuspended mixtures were kept on ice during the experimental period. Dissociation was obtained by dilution (1:100) of triplicate aliquots (10,ul) of the suspended material in buffer A (990,ul) alone or containing excess unlabeled TSH (78 nM). After indicated periods of dissociation at 220C, the remaining bound radioactivity was determined by filtration as described. To determine the binding at dissociation time 0, aliquots were added to the dissociating medium, filtered, and washed within 30 sec. Binding at 0 time was determined both at the beginning and at the end of each experiment and did not vary significantly. Filter adsorption was not subtracted from results because, theoretically, at dissociation time 0, all radioactivity should be bound. Nonspecific binding was determined for preincubations (<10%) but the values shown were not corrected for this contribution. Dissociation of nonspecific binding in similar experiments occurred within 5 min and hence did not contribute significantly to results. Others (12, 17) found no "rebinding" of dissociated 125I-labeled insulin at 1:100 dilution. We detected no significant change in the dilution-induced dissociation rates when an equivalent amount of fresh receptor was also present. This suggested that rebinding was probably not a contributing factor within the experimental time used.
Proc. Natl. Acad. Sci. USA 76 (1979) RESULTS Binding Specificity of 125I-TSH. Binding to normal human thyroid PPM determined over the pH range 4.5-9.5 was maximal at pH 6.0. At pH 7.4, 20-25% of total 125I-TSH was bound by excess PPM protein and 30-33% at pH 6 .0 of which 90-95% was specific (Fig. 1) (12) and the time course of the association of 125I-TSH with the thyroid receptor is independent of binding site number (19) .
The rate of association was too fast at 22°C for the measurement of the binding at earlier times (0-10 min) to be practical. At 4°C, the reaction was much slower, but the rate rapidly increased when the hormone concentrations were increased from 0.026 nM to 0.273 nM (Fig. 4) (Fig. 5) , the graphs were linear 4.0 (Fig. 3) , and inconsistent with the values predicted from the negative cooperativity model (Fig. 3, dashed  line) . The kinetically determined equilibrium Kd may be less than that determined from the high-affinity component of the Scatchard because the kinetic experiments were performed at a lower temperature, at which binding affinity may be expected to be increased. Dissociation of Bound 125I-TSH as a Function of Fractional Saturation of Receptor. DeMeyts et al. (12) have reported that the enhancement of the dissociation of labeled insulin from insulin receptors by unlabeled insulin is dependent on the fractional saturation of the receptor. To examine the effect of fractional saturation of the TSH receptor population on the dissociation of the 125I-TSH-receptor complex, experiments were performed analogous to those described by DeMeyts et al. (12) and more recently by Pollet et al. (17) for the insulin receptor. Human thyroid PPM were incubated with three concentrations of varying mixtures of labeled and unlabeled TSH (3128, 34.4, and 315 nM). After incubation, the free radioactivity was removed by centrifugation and the pellets containing bound radioactivity were resuspended. The bound radioactivity was allowed to dissociate at 220C at 1:100 dilution in the presence and absence of unlabeled TSH. The dilutioninduced dissociation isotherms of I251-TSH bound at the three concentrations of TSH used (Fig. 6 , solid symbols) were resolved into a rapidly (t1/2 = 11-13 min) and a slowly (t1/2 = 260-262 min) dissociating component (20) . The t1/2 of dissociation for both components were not appreciably altered over a 40-fold range of initial binding site occupancies. Addition of unlabeled TSH at 78 nM to the dissociation medium increased the rate of dissociation of the rapidly dissociating component to about the same degree (t1/2 = 7 min), irrespective of the initial binding site occupancy (Fig. 6, open symbols) . At the highest initial site occupancy, however, the relative increase due to native TSH was slightly less than that at the lower and intermediate occupancies.
DISCUSSION
In this report, we have characterized 125I-TSH binding to particulate receptors of normal human thyroid that appears to possess properties similar to those in animal species (2) (3) (4) (5) (6) (7) (8) . These include saturable and reversible binding that is specific for TSH, a pH optimum around 6.0, and nonlinear Scatchard plots of equilibrium saturation binding at pH 7.4.
Although several models have been proposed to explain the nonlinearity of the Scatchard plots of equilibrium binding of hormones (21), the most discussed and disputed model has been the negative cooperativity model postulated by DeMeyts et al. (11, 12) . According to these investigators, negative cooperativity is best demonstrated by the ability of unlabeled hormone to induce a conformational change which decreases the affinity of neighboring unoccupied sites, thus increasing the dilutioninduced dissociation of bound labeled hormone. However, conceptual difficulty for this latter model has arisen from recent investigations. For example, Pollet et al. (17) have demonstrated that the rate of dissociation of bound labeled insulin from the human lymphocyte receptor appears to be independent of binding site occupancy and that the enhanced rate of dissociation of bound insulin by unlabeled insulin occurs even under conditions in which the initial binding site occupancy decreases (17) . Donner et al. (20) have reported similar findings with growth hormone binding to rat hepatocytes. Our own findings show that the binding of 125I-TSH to human normal thyroid PPM is essentially independent of binding site occupancy (Fig.  6 ) and that enhanced rate of dissociation occurs even when a relatively large number of the available binding sites are initially occupied by 125I-TSH. These results support the contention that the enhancement of dissociation of bound radiolabeled hormone by unlabeled hormone does not constitute an unequivocal demonstration of negative cooperativity for TSHreceptor interaction as defined by the criteria of DeMeyts et al. (11, 12) .
Our results are also in apparent contrast to those of Kohn and Winand (18) who claimed that the TSH-receptor system exhibited negative cooperativity, based on the demonstration of curvilinearity of Scatchard plots and Hill coefficients less than unity. It has been well established that the Hill plot is ambiguous and that a Hill coefficient less than unity is observed not only in the case of negative cooperativity but also in the cases of heterogeneity of binding sites and dissociation or two-step models (21) . Accordingly, these three models cannot be distinguished by graphical representations or curve-fitting of saturation experiments. However, a classical approach to distinguish among these three possible models is to compare the Kd calculated after saturation analysis and after kinetic experiments performed with different hormone concentrations. As pointed out by Pollet et al. (17) , if the negative cooperativity model were strictly applicable, the kinetics of the rate of association as a function of hormone concentration should result in a Kd similar to that determined from the negative reciprocal slope of the dashed line of Fig. 3 . This was not the case for the insulin receptors (17) , and the results presented herein also suggest that the binding constant obtained is similar to that of the high-affinity binding site only. These results are inconsistent 80 Proc. Nati. Acad. Sci. USA 76 (1979) with predicted values if the negative cooperativity model were applicable.
The assumption that the enhancement of the rate of dissociation of bound hormone by native hormone only occurs in the presence of interaction between the binding sites (nonlinear Scatchard plot and a Hill coefficient less than unity) has been central to the negative cooperativity model of DeMeyts et al. (11, 12) . However, several studies have demonstrated enhanced rate of dissociation of bound hormone by native hormone even in the absence of site-site interaction (linear Scatchard plot or Hill coefficient = 1.0 or both) (5, 22, 23) . Our own data show that, at pH 6.0, a linear Scatchard plot and a Hill coefficient of 1.0 are obtained, despite the fact that the dissociation of bound 1251-TSH is enhanced by native hormone (unpublished data). Similarly, native insulin has been shown to enhance the dissociation of insulin bound to talc under conditions such that site-site interactions are not possible (24) .
It is apparent from the foregoing discussion that the mechanism and significance of the enhanced dissociation of bound hormone by native hormone remain unclear. Our own evidence indicates that the process is hormone specific, because ovine follitropin (NIH-FSH-S12) did not enhance the dissociation of bound TSH whereas TSH of equivalent potency did (unpublished data). Moreover, extensive studies of insulin derivatives have established that relative potency of the derivatives can be correlated in most cases with ability to enhance dissociation. Several explanations of the alterations in dissociation rates upon the addition of unlabeled ligand-such as hormone dimerization, "retention effects," rebinding, or "unstirred layers" appear to have been ruled out (for detailed discussion, see ref. 17) . Kinetic and recent studies of solubilized polypeptide hormone receptors (18, 25, 26) now also appear to rule out site-site interactions as being a dominant cause. It has been suggested (17) that the enhancement of the dissociation of bound hormone is due to a "concerted mechanism in which the addition of native insulin may enhance exchange of free and bound insulin, giving the appearance of enhanced dissociation without affecting binding occupancy or affinity."
Notwithstanding the many interpretations of nonlinearity in Scatchard plots (21) , the simplest explanation is the presence of two or more independent sites with different and fixed affinities. In terms of the "mobile receptor" hypothesis (27) it has been suggested that the high-affinity component is the receptor and the lower affinity component is some intermediate effector unit. This is based on the possible existence in the membrane of an equilibrium between receptors and receptor-effector complexes that differ in their affinities for the hormone.
At the present time, it appears that our data do not favor the negative cooperativity model as it is now defined. The loweraffinity site may be a consistent artifact of the binding assay, which may be eliminated by suitable manipulation of binding conditions. However, it is possible that, if the low-affinity site is found to persist under various conditions, a significant physiological role for the site may have to be attributed to it and its variability in diseased tissues may have to be considered. Moreover, at present there is no justification for not measuring the low affinity at all unless the contribution of it is suitably accounted for (28) in Scatchard analysis of the high-affinity sites.
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